It has been well established that patients with diabetes or metabolic syndrome (MetS) have increased prevalence and severity of periodontitis, an oral infection initiated by bacteria and characterized by tissue inflammation and destruction. To understand the underlying mechanisms, we have shown that saturated fatty acid (SFA), which is increased in patients with type 2 diabetes or MetS, and LPS, an important pathogenic factor for periodontitis, synergistically stimulate expression of proinflammatory cytokines in macrophages by increasing ceramide production. However, the mechanisms by which increased ceramide enhances proinflammatory cytokine expression have not been well understood. Since sphingosine 1 phosphate (S1P) is a metabolite of ceramide and a bioactive lipid, we tested our hypothesis that stimulation of ceramide production by LPS and SFA facilitates S1P production, which contributes to proinflammatory cytokine expression.
INTRODUCTION
We reported previously that LPS and palmitate, a major saturated fatty acid (SFA), synergistically stimulated proinflammatory cytokine expression by increasing ceramide production in macrophages. 1 Since LPS plays an important role in the pathogenesis of periodontitis, 2 a bacteria-initiated and inflammation-associated disease, and SFA is increased in patients with type 2 diabetes or metabolic syndrome (MetS), 3, 4 the findings from our study suggest that ceramide Abbreviations: MetS, metabolic syndrome; S1P, sphingosine 1 phosphate; S1PR, S1P receptor; SFA, saturated fatty acid; SK, sphingosine kinase. metabolism may play an important role in the increased prevalence and severity of periodontitis in patients with type 2 diabetes 5 or MetS. 6, 7 It has been well established that ceramide, a bioactive lipid, plays an important role in many pathobiological processes, such as growth arrest, apoptosis, cellular signaling, and trafficking. 8 Studies have also shown that ceramide contributes to inflammatory signaling activation. 9, 10 However, since ceramide can be further metabolized into other sphingolipids, some of the effects of ceramide on the inflammatory signaling may be attributed to the ceramide metabolites.
Therefore, it is important to determine the effect of not only ceramide, but also its metabolites on the stimulation of inflammatory signaling for better understanding the role of sphingolipid metabolism in the inflammatory response.
Ceramide is broken down by ceramidase to produce sphingosine and fatty acid, and sphingosine can be further phosphorylated by sphingosine kinase (SK) to generate S1P. 11 It is known that part of S1P is exported out of cells via transporter such as spinster homolog 2 and then bind to S1P receptors to generate "inside-out" signaling, which plays an important role in the recruitment of immune cells and other inflammatory processes. 10 It has been reported that S1P is involved in inflammation-related diseases in different animal models. [12] [13] [14] [15] [16] [17] For example, Wang et al. reported that SK1 deficiency, which leads to reduced S1P, is associated with increased anti-inflammatory molecules such as IL-10 and decreased proinflammatory molecules such as TNF and IL-6 in adipocytes of mice with high-fat diet-induced obesity. 17 However, it remains largely unknown how S1P production is upregulated by the inflammatory factors associated with diabetes or MetS and how S1P contributes to host inflammatory response.
Based on our previous findings that LPS and palmitate synergistically stimulate ceramide production in macrophages, 1 we further investigated the effect of LPS and palmitate on the production of S1P and the role of S1P in the upregulation of proinflammatory cytokines by LPS and palmitate. We found that LPS and palmitate synergistically increased S1P production in macrophages by stimulating SK1 expression and that S1P in turn enhanced the stimulatory effect of LPS and palmitate on proinflammatory cytokine expression.
MATERIALS AND METHODS

Cell culture and treatment
The murine macrophage cell line RAW264.7 has been used extensively in the investigations of the role of macrophages in inflammationrelated diseases. 18 RAW264.7 cells were purchased from the American Type Culture Collection (ATCC, Manassas, VA) and grown in DMEM (ATCC, Manassas, VA) supplemented with 10% heatinactivated fetal calf serum (FCS) (HyClone, Logan, UT). The cells were maintained in a 37 • C, 90% relative humidity, 5% CO 2 environment.
The LPS from E. coli (Sigma, St. Louis, MO) was highly purified by phenol extraction and gel filtration chromatography. Palmitate was prepared by dissolving palmitic acid (Sigma) in 0.1 N NaOH and 70% ethanol at 70 • C to make 50 mM. In all experiments, unless otherwise specified, RAW264.7 cells were treated with 1 ng/ml of LPS, 100 M of palmitate or both 1 ng/ml of LPS and 100 M of palmitate. S1P (Sigma) was dissolved in methanol by following the instruction from the manufacturer.
Enzyme-linked immunosorbent assay
IL-6 in medium was quantified using sandwich ELISA kits according to the protocol provided by the manufacturer (Biolegend, San Diego, CA).
2.2.1
Real-time PCR The average starting quantity (SQ) of fluorescence units was used for analysis. Quantification was calculated using the SQ of targeted cDNA relative to that of GAPDH cDNA in the same sample.
Extraction of membrane proteins
Membrane and cytosol fractions of RAW264.7 macrophages were extracted using a kit from BioVision Research Products (Mountain View, CA, USA). The protein concentration was determined using a protein assay kit (Bio-Rad Laboratories).
Immunoblotting
Cytoplasmic and membrane protein was extracted using NE-PER TM cytoplasmic extraction kit (Pierce, Rockfold, IL). The concentration of protein was determined using a protein assay kit (Bio-Rad, Hercules, CA). Thirty micrograms of protein from each sample was elec- lyase (S1PL), cytoplasmic protein was used for electrophoresis and the immunoblot was performed using anti-S1PL antibody (MilliporeSigma, Billerica, MA). 
Lipidomics
SK activity assay
SK activity was assayed using a SK activity assay kit (Echelon, Salt Lake City, UT) according to the manufacturer's instruction. Briefly, 30 g of protein extract were incubated in reaction buffer containing sphingosine and ATP for 1 h at 37 • C and luminescence-attached ATP detector was added. Kinase activity was measured using a SpectraMax M2 microplate reader (Molecular Devices). All samples were prepared in triplicates and the assay was repeated at least three times.
Treatment of cells with the inhibitors of SK and S1P receptors
RAW264.7 macrophages were treated with 1 ng/ml LPS, 100 M of palmitate or LPS plus palmitate in the absence or presence of N, N-dimethylsphingosine (DMS) (SK inhibitor), SK1-I (SK1 inhibitor), VPC23019 (S1PR1 and 3 antagonist) or JTE013 (S1PR2 antagonist) (Sigma, St. Louis, MO) for 24 h. After the treatment, IL-6 in medium was quantified using ELISA.
RNA interference
RAW264.7 macrophages were transiently transfected with 300 nM of S1PR1 of S1PR2 small interfering RNA (siRNA) (sc-37087, Santa Cruz Biotechnology, Inc. Santa Cruz, CA) or scrambled control siRNA (sc-37007, Santa Cruz Biotechnology, Inc.) for 24 h using Lipofectamine 2000 (Life Technologies) by following the manufacturer's instructions.
After the transfection, the macrophages were treated with or without 1 ng/ml of LPS, 100 M of palmitate or LPS plus palmitate for 24 h.
Statistical analysis
Data are presented as mean ± SD. ANOVA was performed to determine the statistical significance among different experimental groups.
A value of P < 0.05 was considered significant.
RESULTS
LPS and palmitate synergistically increase S1P production and stimulate sphingosine kinease
Ceramide can be broken down by ceramidase to produce sphingosine, which can be phosphorylated by SK to generate S1P (Fig. 1A) . In this study, we determined the effect of LPS, palmitate, or LPS plus palmitate on ceramide, sphingosine, and S1P production in macrophages. Results
showed that LPS had no effect on ceramide production but palmitate increased ceramide and the combination of LPS and palmitate further increased ceramide ( Fig. 1B and Table 2 ). Results also showed that although the sphingosine level in cells treated with palmitate or the combination of LPS and palmitate appears to be less than that in control cells, the difference was not statistically significant ( Fig. 1C and Table 2 ). Furthermore, results showed that LPS had no effect on S1P
production, but palmitate increased it and the combination of LPS and palmitate further increased it ( Fig. 1D and Table 2 ).
Since SK is the enzyme responsible for the phosphorylation of sphingosine, we assessed the effect of LPS and palmitate on SK isoforms SK1 and SK2 mRNA expression using real-time PCR. Results showed that while LPS or palmitate stimulated SK1 mRNA expression, the combination of LPS and palmitate further increased it ( Fig. 2A) . Results also showed that although LPS increased SK2 mRNA, the combination of LPS and palmitate did not further increase it (Fig. 2B ), suggesting that SK2 may not be involved in the cooperative stimulation of S1P production by LPS and palmitate. In addition to SK1 mRNA, we also detected SK1 protein using immunoblotting. The immunoblot detected a SK1 protein with 43 kDa molecular weight in the cytoplasm and showed a 30% increase in this protein by the combination of LPS and palmitate, but not LPS or palmitate alone (Fig. 2C) . Surprisingly, the immunoblot detected not only the 43 kDa protein, but also a protein with 28 kDa molecular weight in the cell membrane (Fig. 2D ). To confirm that the 28 kDa protein is a SK1 isoform, we knocked down SK1 mRNA expression using siRNA in cells treated with LPS and palmitate, and then detected both 43 and 28 kDa proteins using immunoblotting. Results showed that SK1 mRNA knockdown led to the reduction of both 43 and 28 kDa proteins (Supplemental data, Supplemental Fig. 1 ), supporting the notion that the 28 kDa protein is a SK1 isoform.
Intriguingly, the combination of LPS and palmitate markedly increased membrane 28 kDa isoform but reduced membrane 43 kDa isoform (Fig. 2D) . These results indicate that the combination of LPS and palmitate not only increased cytoplasmic SK1, but also promoted SK1 membrane translocation and cleavage, resulting in a marked increase in 28 kDa isoform. Furthermore, the SK activity assay showed that the The data are mean ± SD of three experiments (Unit: pmol/nmol Pi) combination of LPS and palmitate increased SK activity significantly (Fig. 2E ). Since S1P is degraded by S1PL, 20 we also determined the effect of LPS and palmitate on S1PL expression. Results showed that while either LPS or palmitate stimulated S1PL expression, the combination of LPS and palmitate further increased it (Fig. 2F ).
Inhibition of SK1 attenuates the stimulatory effect of LPS and palmitate on IL-6 secretion
To confirm our previous report, 1 we determined the combined effect of LPS and palmitate on proinflammatory gene expression. Results
showed that LPS and palmitate synergistically stimulated IL-6 secretion and mRNA expression ( Fig. 3A and B) , and the expression of other proinflammatory genes (Table 3) . We then assessed the role of S1P in the upregulation of proinflammatory genes by LPS plus palmitate by inhibiting SK activity with its pharmacological inhibitors. Results showed that N, N-dimethylsphingosine (DMS), a specific inhibitor of SK, 21 significantly inhibited the stimulation of IL-6 by the combination of LPS and palmitate (Fig. 3C) . Interestingly, DMS did not inhibit LPSstimulated IL-6 secretion, which is consistent with the finding that LPS did not increase ceramide and S1P production ( Fig. 1B and Fig. 1D ).
Furthermore, SK1-I, a SK1 selective inhibitor, 22 also significantly inhibited IL-6 secretion stimulated by the combination of LPS and palmitate (Fig. 3D ).
The effect of S1P on IL-6 expression and apoptosis regulated by LPS and palmitate
To assess the role of S1P in the upregulation of IL-6 in macrophages by LPS and palmitate, we investigated the effect of S1P on IL-6 secretion. Results showed that S1P at the physiological concentrations 23 did not stimulate IL-6 secretion by itself (Fig. 4A) . However, S1P augmented the stimulatory effect of LPS plus palmitate on IL-6 secretion in a concentration-dependent manner (Fig. 4A) . Results from our real-time PCR further demonstrated that S1P enhanced IL-6 mRNA expression stimulated by LPS, palmitate, or the combination of LPS and palmitate (Fig. 4B) , suggesting that S1P enhanced the effect of LPS and palmitate on the transcriptional upregulation of IL-6.
Since it is known that ceramide, which is increased by palmitate (Fig. 1B) , induces apoptosis but S1P suppresses ceramide-induced apoptosis, 24 we determined the effect of S1P on palmitate-mediated apoptosis in RAW264.7 macrophages. Results showed that while Raw264.7 macrophages were treated with 1 ng/ml of LPS, 100 M of palmitate or LPS plus palmitate for 24 h and immunoblotting was performed to detect S1P lyase palmitate increased apoptosis in a dose-dependent manner, the addition of S1P to palmitate did not significantly reduce the degree of apoptosis induced by palmitate (Fig. 4C) . Similarly, the addition of LPS to palmitate, which increases S1P (Fig. 1D) , also did not attenuate the effect of palmitate on apoptosis (Fig. 4D ). These findings suggest that the ceramide-induced apoptosis is dominant in cells treated with palmitate and LPS.
The interaction between S1P and its receptors is involved in the upregulation of IL-6 by LPS and palmitate
The interaction between S1P and S1P receptors (S1PR) triggers signaling activation. 25 Since it has been reported that both RAW264.7 macrophages and mouse bone marrow-derived macrophages expressed S1PR1 and S1PR2 26 and we found that S1PR3 and S1PR4 were not upregulated by LPS, palmitate, or LPS plus palmitate and S1PR5 was undetected (data not shown), we targeted S1PR1 and S1PR2. To determine which S1PR is involved in the stimulation of IL-6 secretion by LPS and palmitate, we employed VPC23019, a pharmacological antagonist for S1PR1 and S1PR3, 27 and JTE013, an antagonist for S1PR2. 28 Results showed that both antagonists inhibited the effect of LPS or LPS plus palmitate on L-6 secretion in a concentration-dependent manner ( Fig. 5A and B) , suggesting that both S1PR1 and S1PR2 are involved in the IL-6 upregulation by LPS or LPS plus palmitate. Furthermore, we assessed the roles of S1PR1
and S1PR2 in the stimulation of IL-6 secretion by knocking down their expression using siRNA. Results showed that S1PR1 and S1PR2 siRNA, which reduced S1PR1 and S1PR2 mRNA expression by 55 and 54%, respectively ( Fig. 5C and E) , inhibited IL-6 secretion stimulated by the combination of LPS and palmitate by 57% (Fig. 5D ) and 36%
( Fig. 5F ), respectively.
DISCUSSION
MetS is a cluster of cardiovascular risk factors including central obesity, high triglycerides, low HDL, high blood pressure, and increased glucose. 29, 30 Clinical studies in recent years have well documented that, like type 2 diabetes, MetS also exacerbates periodontitis. 6, 7 In our studies to explore the underlying mechanisms involved in type 2 diabetes-or MetS-exacerbated periodontitis, we noticed that one RAW264.7 cells were treated with 1 ng/ml of LPS, 100 M of palmitic acid (PA) or LPS plus PA in the absence or presence of 100 M of DHA for 24 h and RNA was isolated from duplicate samples, combined, and subjected to gene expression analysis using a TLR pathway-focused PCR array as described in the Methods. Full names for the abbreviations of the genes: MCP-1, monocyte chemoattractant protein 1; CSF3, colony stimulating factor 3; TNF , tumor necrosis factor MetS is the increased saturated fatty acid (SFA) that is accompanied with hypertriglyceridemia. 3 In fact, dietary SFA is known to be a risk factor for type 2 diabetes and MetS. 31 Thus, we proposed that SFA boosts LPS signaling for proinflammatory gene expression to amplify macrophage inflammatory response to LPS. Indeed, our study showed that palmitate, the most abundant SFA in animal and human, 32 and LPS synergistically stimulated proinflammatory gene expression by increasing ceramide production. 1 Since S1P is an important metabolite of ceramide, we determined the effect of LPS and palmitate on S1P production in this study.
TA B L E 3
Our study showed that while LPS alone had no effect on intracellular S1P level, palmitate increased it and the combination of LPS and palmitate further increased it. To elucidate how the combination of LPS and palmitate increased S1P production, our study demonstrated that LPS and palmitate positively control two cellular mechanisms that contribute to S1P production (Fig. 6) . First, LPS and palmitate increased the production of ceramide, the precursor of sphingosine and S1P. Second, LPS and palmitate cooperatively stimulated the expression and activity of SK1, which phosphorylates sphingosine to generate S1P.
It is known that SK1 upregulation and its membrane translocation are critical for S1P production. 33 In line with this notion, our current study showed that the combination of LPS and palmitate increased SK1 expression and activity, and membrane translocation.
Our immunoblot detected the 43 kDa SK1 as the sole SK1 isoform in cytoplasm and showed a 30% increase in the 43 kDa SK1 by the .7 macrophages were transfected with control siRNA or S1PR1 siRNA for 24 h. After the transfection, S1PR1 mRNA was quantified (C). The transfected cells were treated with 1 ng/ml of LPS, 100 M of palmitate or LPS plus palmitate for 24 h. After the treatment, IL-6 in culture medium was quantified using ELISA (D). (E and F) RAW264.7 macrophages were transfected with control siRNA or S1PR2 siRNA for 24 h. After the transfection, S1PR2 mRNA was quantified (E). The transfected cells were treated with 1 ng/ml of LPS, 100 M of palmitate or LPS plus palmitate for 24 h. After the treatment, IL-6 in culture medium was quantified using ELISA (F). The data presented (mean ± SD) are representative of three experiments with similar results F I G U R E 6 Schematic diagram to illustrate the proposed mechanisms involved in the increased production of S1P and upregulation of inflammatory genes in macrophages. LPS and palmitate synergistically increase S1P production by increasing CER production and also SK1 expression and activity. S1P increase contributes to the upregulation of proinflammatory gene expression by interacting with S1PR1 &2
combination of LPS and palmitate. However, the moderate increase in the 43 kDa SK1 protein may not be sufficient to explain how S1P production was markedly increased. It is possible, therefore, that in addition to the increase in SK1 protein expression, the combination of LPS and palmitate also stimulates SK1 enzymatic activity or increases SK2
protein/activity without increase in SK2 mRNA by posttranslational modifications. Moreover, another possible regulation for increasing S1P production is the suppression of S1P phosphatase by the combination of LPS and palmitate. Obviously, more studies are warranted to further investigate the mechanisms involved in the marked stimulation of S1P production by the combination of LPS and palmitate.
Our study demonstrated two SK1 isoforms with 43 and 28 kDa molecular weight in the cell membrane. Actually, the 43 and 28 kDa SK1 isoforms were discovered by Mizutani et al. in mouse erythroleukemia cells. 34 They further characterized 28 kDa isoform and concluded that 28 kDa molecule is likely to be cleaved from 43 kDa SK1. Interestingly, they also found that 28 kDa isoform lacked SK1 enzymatic activity. Although this finding needs to be confirmed, it is conceivable that 28 kDa isoform is a catalytically inactive fragment cleaved from 43 kDa SK1 and not involved in S1P production.
In addition to 43 and 28 kDa SK1 isoforms, other SK1 isoforms were also reported previously. It has been demonstrated that S1P mediates, at least in part, the inflammatory response activated by TNF and IL-1 . 33 Our current study further provided strong evidence that S1P also mediates the inflammatory response stimulated by LPS and palmitate. First, our study showed that the inhibition with SK inhibitors suppressed the effect of LPS plus palmitate on IL-6 secretion. Second, results showed that treatment of macrophages with S1P augmented the stimulatory effect of LPS and palmitate on IL-6 secretion. Third, results also showed that targeting S1P receptors using pharmacological inhibitors or siRNA significantly reduced IL-6 secretion.
To assess the effect of S1P on the proinflammatory gene expression, we found that S1P did not directly stimulate IL-6 expression, which is consistent with the study by Yu et al. who showed that low concentration of S1P (≤ 1 M) did not stimulate IL-6 expression in murine macrophages. 15 However, we found that S1P boosted the combined effect of LPS and palmitate on IL-6 expression in macrophages.
These results suggest that S1P is capable of cross-talking with LPS and palmitate for IL-6 upregulation, which is in agreement with the previous finding that one way that S1P alters gene expression and cell functions is the crosstalk with LPS or other inflammatory mediators. For examples, studies have shown that S1P and LPS cooperate to stimulate proinflammatory gene expression in endothelial cells 37 and epithelial cells. 38 The tissue S1P concentration is controlled at low level by S1P-degrading enzymes such as S1PL. 39 It is interesting to find from the current study that LPS and palmitate had a cooperative effect on S1PL expression in macrophages (Fig. 2F) . The stimulatory effect of LPS on S1PL expression in microvascular endothelial cells has been reported previously, 40 and our study further demonstrated that palmitate acted similarly as LPS in stimulating S1PL expression and the combination of palmitate and LPS further stimulate S1PL expression. Although it remains unclear how the S1PL upregulation by LPS and palmitate affects the inflammatory signaling, it is likely that the S1PL upregulation would reduce S1P content and thus attenuate S1P-enhanced inflammatory cytokine expression. It is possible that S1PL increase in response to palmitate and LPS is a cellular reaction to S1P increase, which intends to control S1P level. Further study is warranted to investigate the regulatory mechanisms involved in S1PL expression in response to LPS and palmitate and the effect of S1PL upregulation on inflammatory signaling in macrophages.
The role of S1PR1 in inflammatory response has been well established 41 and drugs targeting S1PR1 have been developed to treat inflammatory diseases such as multiple sclerosis. 42 A recent study has
shown that the S1PR1-binding molecule FTY720 inhibits osteoclast formation in rats with ligature-induced periodontitis. 43 In contrast, S1PR2 was found to often exert cellular functions that are opposed to the functions of S1PR1. 44 To understand why S1PR1 and S1PR2 have different biological functions, studies have shown that S1PR1 and S1PR2 mainly couple to Gi and G12/13, respectively. 45 However, it has been also shown that, in addition to G12/13, S1PR2 couples to other G-proteins as well, leading to activation of multiple downstream signaling pathways including mitogen-activated protein kinase and nuclear factor kappa B cascades, which are critically involved in proinflammatory gene expression. 45 Therefore, under certain conditions, S1PR2
can act similarly as S1PR1 to stimulate inflammatory signaling. Sato et al. reported recently that the mRNA level of S1PR2, but not S1PR1 or S1PR3, was increased in advanced fibrotic liver, an inflammationassociated disorder, and the increased S1PR2 mRNA level was correlated with -smooth muscle actin mRNA level in liver and serum alanine aminotransferase level. 46 Our current study suggests that S1PR2 acts similarly as S1PR1 to exert a crosstalk with TLR4 and fatty acid receptors to cooperatively augment proinflammatory gene expression. Since the study by Ishii et al. reported that S1PR3, S1PR4, and S1PR5 had very low expression in RAW264.7 macrophages, 26 it is unlikely that these receptors would play a significant role in the upregulation of IL-6 expression by LPS and PA.
Since FCS is known to contain high levels of S1P and prolonged exposure to S1P can lead to internalization of S1P receptor, some studies pretreated the serum with charcoal to remove S1P. However, Cao et al. reported that charcoal-stripping FCS may remove a variety of endogenous compounds, including lipids, steroid, peptide, hormones, and vitamins. 47 These authors suggested that among the effects that such changes in serum factors may induce are alterations in intracellular signaling. Therefore, we did not treat FCS with charcoal in this study as we concerned that the treatment of FCS with charcoal may remove not only S1P, but also other lipids, lipid-bound growth factors and other molecules that are important for cell growth and cell response.
In conclusion, we demonstrated in the current study that the combination of LPS and palmitate stimulated S1P production by increasing ceramide production and SK1 expression, activity, and 
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